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ABSTRACT

The distance to NGC 7331 has been derived from Cepheid variables observed with
HST/WIPC2, as part of the Extragalactic Distance Scale Key Project. Multi-epoch exposures
IMIH55W (~ V) and 1I'$14W’ (~ 1), with photometry derived independently from DoPHOT
and DAOP HOT/ALLFRAMIS programs, were used to detect a total of 14 reliable Cepheids,
with periods b ctween 11 and 42 days. The 1, V - 1 color-magnitude diagram shows all but
one of the Cepheids lic within the instability strip, and their period-luminosity relations in
v and ] arc consistent with those for Cepheids inthe 1, MC. The relative distance modulii
between NGC 7331 and the LMC, derived from the V. oand 1 magnitudes, infer a1y extinetion to
NGC 7331 of Ay:-0.394 0.15 mag, and a reddening-corrected distance modulus to NGC 7331
of 30.92-10.18 niag | cquivalent to a distance of 15.3: 15 Mpe.

Suliject he adings: Cepheids - gaaxies: distances andredshifts  galaxies: individual
(NGC 7331) stars: early type stars: luninosity function - techniques: photometric

1. Introduction

The Hubble Space Telescope (HST) Yxtragalactic Distance Scale Key Project aims to obtain Gepheid
distances 10 ~ 20 galaxics oul to Virgo and Jornax, to usc these to calibraie sccondary distance estimators,
and thereby measure Ig to an external accuracy of 10%. NGC 7331 {Figure ??) was chosen primarily
as a calib rator for the luminosity-line width relation (also know i as the Tully-1isher relatio n). 1t lies in
the constellation of Pegasus, at position a = 22 37 05.2, 6 = -1 34 25 10 (J2000), and has a Galactocentric
velocity of 11035 km/s (dc Vaucoulcurs et al. 1991 ). According to Garcia (1993), NGC 7331 is the
dominant member of a group with three other galaxies:? UGC12082, NGC 7320A, and UGC12060, which,
relative 1o NGC 7331, arc al within 1.7° 011 the sky and-162 kin/s radial velocitics.

Iinmany ways NGC 7331 is atwin of the Andromeda Galaxy M31. 1t has the same early type spiral
classification of Sb(rs)l-11in the Revised Shapley Ames sclicime by Sandage & Bedke (1985) (and a 1ubble
type 1= 3 by de Vaucouleurs ct a. 1991), a very similar inclination of ~ 75° (cstimates vary from 71° by’
Nuchimeier & Richter 1989 to 754 5° by Marcelinet a. 1994 and 74.8 4 2.0° by Begeman 1987). The 11 11
rotation curve for NGC 7331 is very regular, andpeaks at, ~250 Kill/S (Rubin et al. 1965), and the Waq
1121 e linewidth is 531:110 ki /s (Fisher & Tully 1981) and 536 kin/s (measured from Begeman 1987),
both also very similarto M31The propertics of being a regular spiral of moderately large inclination make
NGC 7331 an ided calibrator for the luminosity-line width (‘Tully-Fisher) relation.

We present here the distance to NGO 7831, using observations obtained with the post-repair mission
Wide IMeld and Planctary Camera (WFPC2)on HST with the FOBOW and F814W fillers (see Holtzman
et al. 1995a and the current. version of the WEFPC2 Instrument Hanidbook from $1Scl for details of the
performance of WIPC2). Our methodology follows that used inprevious papersin this series: eg M100
(Ferrarese et al. 1996), M101 (1{ clsonct al. 1996), NGC 925 (Silbermann et al. 1996), NG C 3351 (

?Garcia also claimed NGC 7363 to be a member of this group, but it’s velocity is almost 6000 ki /s greater, and probably
forms a background group with NGC 732013 and NGC 73200, As well, Tory et al. (1996) also include NGC 7457 as a membser,
but at a distance on the sky of 6.6, this would make it a rather loose group.




Graham et al. 1996),and NGC 3621 (Rawson et al. 1 996). Photomnetry was obtained with 1)01" 10T
and ALLIPRAMYS (§ 22), to identify and measure periods and luninositics of 14 Cepheid variables (§ 2?),
applying the calibrations described in Ferrarese et al. (1 996) and Hillet al. (1996). Period-luminosity
relations were fitted to these Cepheids, relative to the Large Magellanic Cloud (I:MC), to derive reddening-
corrected distance modulii for each photometry set (§ ??). hnplications for the properties of NGC 7331,
and previous calibrations of the Tully-1Fisher (1) relation (§ ??) arc bricfly discussed. Preliminary results
of this work were described in Hughes, Han & Hoessel (1 996).

2. Photometry

The WEPC2 field lies 3.5 arcminnorth of the galaxy’s nucleus, along t}ic major axis (Figure ?7?).
Variable stars were detected from ] 5 epochs of 1°555W cosimc ray-sphit exposures, andtheir colors were
measured from 4 epochs of F814W exposures, over theintervalof 1994 Junc 1810 1995 Aug ust 17, as listed
inTable 27. Bach cosinic ray-split, exposurc pair consisted of a 1600 scc anda 1200 scc exposure (except
for epoch 7 and the F&814W exposure in epoch 8, where the 1600 scc exposures were missed due to safing
events), with a gain of 7 ¢~ /DN and a readout noise of 7 ¢ . All of theseepochs were taken alter the
decrease in the W 1'PC2 operabi g temperature (which occured on 1994 April 23). Althougl there appears
to be a charge transfer inefliciency effcct in the WIFPC2 CCDs, this is only scen in exposures witha low
background, and is negligible for high backgrounds (brighter than70c¢™) (Rawson el al. 1996). As our
NGC 73831 frames all have backgrounds brighter than 70¢ , they should not have been affected. T'wo snort
exposures Of 260 sce in F555W and 1'814W were also made at epoch 13, but have not been used as they
were intended for calibration backup via ground-based obscrvations in case there were any problems with
the photometric calibrations.

The science frames were processed through the standard STScl pipeline (Holtzman et al. 1995a). The
photometric distortions iutroduced by the WIPC2 corrective oplics were rectificd by multiplying cach
hmage by a pixel area correction map. These differ slightly from those used by oltzman et al. (1995b) in
that thenormalization is relative to the median pixel, rather than the largest. Pixels either ofl the WIP(C2
pyramidsurface, or vignetted by the pyramid edge, were set to saturation, and subsequently ignored by the
photometry programs.

The photometry was derived using prograins based on DoPNOY (Schechter, Mateo & Salia 1993; Salia
ct a. 1994) and D AOPHHOT/ALLIRRAM 5 (Stetson 1994), ina similar way as described in detail for M1 00
by Ferrarese et al. (1996) and Hill ¢t al. (1 996), adopting the long exposure calibration (sce Appendix).

21. DoPnor

DoPHOT micasures magnitudes by fitting a purely analytic point-spread function (PSF) to objects
detected above a user-sjweificd threshiold. For DOPH Q' cacl) cosmic ray-sp fit pair of obscrvations were
firstly combined using an algorithm developed by A'S, to produce single frames per epoch mostly free of
cosmte rays. This program compares the two input frames on a pixel-by-pixel basis (after correcting for
exposure thnes). If one pixel is greater than the other by more than 4-sigma, then thelower pixel value is
taken as the true value, otherwise the mean is adopted. 1 a cosmic ray event has been detected, then the
sigima threshold decreases to 2-sigrua for the nearest neig hibor pixels. (Because the PSE is under-sampled

by the pixels, great care needs 1o be taken to ensure that cosmic-ray remova | algorithms don’t also remove




the tops of stars. For exar nple, initially a 3-sigma threshold was used, which subsequently was found to
have significantly aflected the DoPH O'1' photometry.) The cosmic ray-cleaned iinages were run through
DoPTTOT, Lo obtain the positions of the brightest stars, which were then matched (using D AOMAT'Clland
D AOMASTIR, Stetson 1994) to obtain the coordinate transformations between epochs. The X and Y
ofiscts were allless than~ 0.2 arcscc. All theframes for cach chip were then median-combined to produce
clean and rcasonably deep master images, which were then passed through DoP 1101, t0 produce a master
list of objects, retaining only those objects DoPT10T classifics as stars. This produced 6701,7621,8048
and 8953 stellar objects in chips 1-4, respectively. The coordinates of the master list were then transformed
to the positions of cach ep och, and cach of these lists were used within DoPHOT 1o oblain raw DoPHOT
photometry of cach of the master list, objects in cach of the epoch frames.

The raw photometry was then calibrated to equivalent 0.5 arcsec aperture miags, using aperture
corrections and mecasurcd zero-J)oirltsforl)c)tll filters andcachchip sce Appendix A). The photometry of all
cpochs for cach object, now calibrated to 0.5 aresce aperture mags, was then combined using DAOMASTER,
to produce alightcurve for every object intheinput master list, The mean 0.5 arcsce aperture mags
(F555Wo 5 and 1'814Wq ) were then converled to Johnson V and Kron-Cousins 1 photometry using the
zero points and color transforms in Appendix A (and obtained fromIToltziman c1 al. 1995HDL).

2.2. ALLFRAME

For ALLIFRAME, the original science frames were used (i.e. treating cach of the cosime ray-sphit
exposures as two individual epochs), following the AL T 1A ME miethod described for previous galaxics in
this series (eg. Verrarese et al. 1996; Silberinann et al. 1996). The D AOPHOT/A LLFRAME program
(Stetson 1994) takes a different approach in doing the photomn etry, in that an analytic I SI* is augimen ted by
an empi rically- determined diflerence map, which represents the imtensity-weighted mcan diflerence between
the observed PSI of a large sample of isolated stars and the analytic function. The PPSIis also allowed to
vary as a quadratic function of position onthe chip, to account for variat ions inthe PSI across cach chip.
Inthe case of the 11ST images of NGC 7331, there were oo few isolated stars to adequately characterize
the PSIY, so the PSIs derived from anumber of independent images of globular cluster fields by PBS were
used. ALLFRA MIithenfits these PS¥s {one per filter and chip) to all st ars on all the frames. To do
this, ALL FRAMI must first have a master input list of objects, which like DoPHOT', was derived from
median images produced from coordinate transformatio ns defined by matches (again using DAOMATCII
and D AOMASTISR) of bright isolated stars oncach of theindivid ual cosmic ray-cleaned frames. The
difference with DoPHOT is that ALLIFRAME only uses this Starlist as a starling point, and uses the results
of simultancous PSY fitt ing on allthe frames to tweak the coordinate transformations between frames,
thereby iteratively improving the master list, and making maximumuse of the available in formation. The
final photometry files produced by ALLIFRAME for cach cpoch were then matched using DAOM ASTER,
to produce asingle file contain ing, the posi tions and magnitudes of al the matched stars at al the epochs.
This produced 875, 5248, 2807, and 10677 objecctsin chips 1-4, respectively.

‘I'he aperture corrections were adopted fromthemean corrections of other galaxies inthis series, as
listed in Appendix 1. As for DoPHOT, these ().5 arcsec aperture mags were then converted to Johnson V
and Kron-Cousins 1 using the transfo rimations of Holtzimman et al. (1995D).
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2.3.  Comparison Between DoPHOT and ALLFRAME Photometry

A comparison between mean calibrated DoPR O P and ALLFR AME mags is given in Figure 22, which
is the difference between calibrated mcan DoPITOT and ALLIFRAME 11 ST magnitudes (i.e. 1'555Wo 5
and '814Wq 1) of al stars, matclicd to within a 0.5 pixel radios. While the scatter is large, the stars
withthelargest scatter alsotendtohave the largest photomcetric errors, arid teud to be contaminated by
near ncighbors arid/or a bright background. A better comparison would be to match just skins which arc
isolated and unaflected by cosmic ray cvents. This selection was achieved by comparing only stars with au
ris from all mags of less than 0.1mag,and which were seen Lo be isolated, stellar-like objects. To allow
easier cxternal comparisons with our calibrated mags, we list in Table 77 the positions and calibrated mean
DoPTOT and ALLYRAMI maguitudes (V' and7) of these (reference) stars. Their 11 5T mag differences
(in the sense DoPIOT - ALLFRA ME) arc given in "?2.[lhey allagree to within 0.15 mag, with the
greatest deviation being WIS, Some of the scatter between these DOPTTON and ALLFRAME magnitudes
arises from the diflerent methods used to estimate the localsky. Tor 1))ol1OT, the sky is estimated from a
weighted average of all pixels withinthe9x9pixel aperture, whercas DAOPITOT/ATLLFRAME cstimates
the sky asthemodal value of pixels ina circular aunulus (in this case having radii of 2.5 and 25 pixels).
A s only 90% of the light from a star is contained within aradius of 0.5~ (Holtzman ct al. 1995b), which
is a radius of 5 pixcls onthe WE chips, both of these sky estimates will be contaminated by the broad
wing component of the star being measured, but in different ways. Theelleet of this contamination win be
greatest for the bright stars in Table 72, but will be minimal, when compared to the background, for stars
of Cepheid magnitudes.

T'herefore, an even more relevant comparison, interms of the distance to NGC 7331, is the difference
i the calibrated Cepheid magnitudes (sce § ??), which are reflected in the differences between the
Period- Luminosity fits inTable ?2. This infers that the D oPITOT and ALLFRAME calibrated mags agree
10 ~0.08 mag in V and ~0.03 mag in I, a diflerence of one sigima with respect to the internal errors, and
well withinthe external errors.

3.  The Cepheids

‘1’0 detect the variables, the objects in the DoPTHOT photometry sets were firstly groupedinto
magnitude bins of width 0.5 mag. A variable was then defined as any objeet with a robust rins-like
dispersion (the -0 paramcter, based on the inner range of variability, as described inHughes 1989, and
derived from 1loaglin, Mosteller & Pukey 1983) greater than twice the ean rms of its magnitude bin. ach
object was also required to have been matched inat least 10 epochs. These variables were then scarched
for periodicity with periods between 10 and 80 days, using a program based on the Phase Dispersion
Minimization (PHDM) algorithim of Stellingwerl (1978), which is based onthe  Lafler & Kinman (1965)
statist ic. The main advantage of this method is that it is efficient at detecting periodicity in simall ¢}roch
samples, and is insensitive Lo light curve shiape. Simultancously, the image of cacly variable was viewed to
cnsure 1l was not a spurious variable caused by a close association with another object, and its lightcurve,
phased al the optimum PDM period, was aso inspected to verify its Cephieid-likeness,

Por the ALLFRAMI photometry sets, variable candidaies were identified using two indicators. The
first is similar to the x? parameter of Saha & Hoessel (1990), and the sccond is the color index paraineter
of Welch & Stetson (1993). Cepheid candidates were identificd by visually examining the phased light
curves of the variable candidates. Any epochs contaminated by cosmic rays were removed interactively.




The final list of good Cepheids (Table??) was selected on the basis t hat cach had to appear in both
candidate lists. No good Cepheids were found o011 chip 1 (the PC chip), duc to the reduced FOV and
photometric errors being much Jarger at the magnitudes of the Cepheids, compared to the other W chips
(0.25 to 0.6 mag, atnagnitudes of 251,027 in V, comparedto errors of (),1 to (),3 magonthe WI° chips),
resulting in mucl i Jower yiclds of variable candidat es due to the 2-sigma sclection. Tor Cepheids to have
madethis cut, they would need to have amplitudes greater than ~ 1 .() mag, and only hall the Cepheids in
Table ?? have such large amplitudes.

The mean V magnitudes are unweighted intensity averaged means (i.c. - 2.5logyq (4 3107 1)), which
we usc instead of phasc-weighted mags, as the distribution of epochs provides well-sa][1])led light curves
over allperiods between 10 and 60 days, duc to the optinized sampling algorithin developed by Freedman
ct al. (1 994a),andtheflexibleand accurate scheduling capability of 11 S'P. For such optimally sampled
lightcurves, there is minimal difference between ttensity and phase-weighted mags, as verified by Verrarese
et al. (1996) in M100, and Silbermann ct al. (1996) in NGC 925. The magnitudes al cach epoch of the
Table 77 variables arc listedin Fable 2?2 (1)01'110'1’), andTable 22 (ALLI'R AME), where for Table 77, the
costic ray-split exposure mags are intensity averaged, to give one agnitude per epoch.

To compensate for the poor sammpling of the I data (there were only four epochs), the mean 1 mags
were cstimated following themethoddevelopedbylfrcedman (1 988) and applied by Ferrarese et al. (1 996).
This uses the fact that the amplitudein V is ahnost twice the amplitude in 7, hence a well-sa]l)r)led mican ]
wagnitude {7)15 (over ~ 12 cpochs) Will be estimatedas (D12 (1Y410.51((V )12 - (V)4), where (1)4 and
(V34 arc theintensily averaged 1 and V magnitudes at those epochs (up to four) where both I'555W and
F814W nnages were obtained.

The Cepheids in Table 2?2 are marked inthe deep ] vs V - 1 color-magnitude diagram in I'igure 2?2,
derived from the mean magnitudes from all epochs (for clarity, only every 1 Othstar inthe CM1D is plotted).
All of the DoPHOT mag Cepheids lic in the instability strip. Wealso plot thelocus of  the blue plume,
red supergiant and red giant branch for Shiapley Constellat ton 111, shifted inmagnitude and color to match
the relative. distanceand extinetion of NGC 7331 . Thie position of the red giant branchlocus implics our
limiting magnitude is too bright to apply the tip of the red giant branch distance method (eg Lee ot al.
1993) as a check on our Cepheid distance.

The luminosity function of the blue plume stars (i.e. with V. - 1 < 0.3) is plotted in Figure ??2.
Before incompleteness (at V- > 26), the slope of the Juminosity function is 0.61, similar to that of M81
(0.57; Hughesetal. 1994), and cousistent with other late-tyJ)c galaxics (Freedman 1985). The luminosity
function for stars with Cepheid-like colors (().5 < V - ] <1 .5) is also plotted mFigure 22, andshows that
imcompleteness for Cepheids sets inat V > 27.8 mag, consistent with our faintest Gepheids in Table 77,
which have (1'): 27.4 (V8)and (V) = 27.7(VI13, DolPNOT). The degree to which crowding and limiting
mag, nitude afleets Cephied completenessas being investigated via artificial star tests by Ferrarese ¢l al. (in
preparation).

Theparamcters for the good Cepheidsin Table 77 are 1), WIPC2 chip, position (both the RA and
Dee at equinox ,12000, and their X and Y pixel position 011 cach chip), andthe periods andintensity
averaged U magnitude and V- T color for cachof the ALL P RAMI and DoPHOT sets, I'hey arcidentified
i the WEPC? field wm Figure 7, as well as in more detailed finding charts in 1ig ure 22, and their
lightcurves, phased to the period given in Table 27, are shown in¥igure 77, Phe mean differences between
the DOPHOT and ALLFRAMI Cepheid data was AV = 0. 05 mag, withanrms dispersionof ().17 mag,,
Al 0.03 nag, rms = 0.19 mag, and APeriod = 0.03 days, with an rms dispersion of 1.27 days.



4. TheDistancetoNGC 7331

To obtain a Cepheid distance, we follow the methodology of previous papers in this series, and fit V
and 1 11, relations relative to the LMC Cepheids, adopting the 418t ance and reddening to the LMC of
185 (.1 magand I5(V - 1) ().13 (i.e. B(B - v) = (.10, Ay=331 (B - V), and use the Cardelli et
al. 1989 extinction law Ay /Ay = 0.7712- 0.5897/Ry = 0.592 for Ry : 3.3) fromMadore & Freedman
(1991; hercafter M1F91), and fitting the M1P9T L' 1, relations, derived froma sct of observations of 32 LMC
Cepheids:

My = - 276 (4 0.11)[log(’) - 1.4] - 5.30(4 0.00);9ms = ().27
Mp: - 3.06( 0.00)[log(P) - 1.4]- 6.09(10.08);rms: 0.18

to obtain V and 1 distance moduli(ftv, pi). However, recently Tanvir @ 996) has re-derived the LMC
1'1, relations, from a compilation of data from several sources, of 53 LMC Cepheids, and finds they are best
fitby 1'1, rclations of the form:

My 2.774(: 1 0.083)[log(#’) 1 .4] - 5.262(:4 ().040); rms- ().233
M= - 3.039(40.059)[log( 1) 1 4] - 6.049(4 0.028); rins= ().1 64

There is very little difference in the V Pl relation, but a significant diflerence in the I Pl relation
zero-point. Fanvir has atiributed this difference to the fad that MF91 used 1 maguitudes derived from
<V > -V - 1, ratherthanintensity mncans of the 1 data. If confirmed, this means thatuse of the M1°91
relations would produce a systematic overestimate of the relative 1 distance modulyg of a galaxy by ~ ().04
mag, hence of the reddening, which produces an overestimate of the reddening-corrected distance modulus
of 0.1Mmag and a corresponding underestiinate of 11, by 5%. An ongoing program to measure mean I-band
magnitudes for a sample of LMC Cepheids being carried out by us at Las Campanas Obscrvatory and
Mount Stromlo will shed further light 011 this issue. Tuthe mecantinic, to be consistent with previous papers
in this series, we continuc to usc the MIP@1P1, relations.

A's can be scen in the image of Figure 77 (and to a more dramatic extent in Figure ??), there are
noticcable amounts of dust in NGC 7331, 90 it is important to measurc and account for this as accurately
as possible. As in MI'91, we mcasure e incan reddening 7% (V - 1) for the whole sample of Cepheids from
the difference pov - g5, which is then used to derive the reddening-corrected distance.

We have two methods of fitting the ME9TPI, relations inV and . The first adopts the LM CPLL
relations, using least squares fits at, the adopted slopes. The second method, as used by Ferrarese ct al.
(1996) for M100, takes the game Sty of 1M Cepheids and adds an ofl’set, totheirmagnitudesthal minimizes
the scatter when combined with the NGC 7331 Cephieids. Both methods produced virtually identical
results, and s0 We only present. the resul s of the first incthod. One of the ALLFRAME Cepheids (V13) had
a very bluecolor (V1= ().()), ductoafaint <V > magnitude (relative to that obtained from DoP’1IOT),
which put it ovtside theinst ability strip, and was excluded from the AL L FIRAMLS fits, Removing VI3 from
the DoPHTOT fits only reduced the distance jyodulus by ().01 mag (method 1) and 0.03 mag (method 2).
The }' 1, relationsandihefits using the ME9T slopes are shown in IPigure 7 7.

T'he number of Cepheids used in the fits) the apparen . distance modulii in V. oand 1 (v, g1), reddenings
I2(V - 1), and reddening-corrected distance moduli pto for cach photometry set, arclistedin Table 22,
The 1-0 uncertainties i piy and gy arce just the errors on the meanfromthe least squares fits (combined
1 quadrature withthe uncertaintics in the LMC PL fits). Because a component. of the scatter mthe V
and 1 PL relations Will be correlated, the uncertainty in jio 1S derived from the dispersion in a Wesenheit
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function, W =V - 245(V - 1), which is adapted to the reddening assumed between Voand ), as this will
mplicitly propagate the photometric uncertaintics and cancels the differential reddening-induced scaticr
(Madore 1 982). The uncertainty in gen in Fable 77 thus includes the observational uncertaintics in the
photometry. Yo scarch for any zcro- point variations between chips, separate fits were @so made to cach
chip. We note that the fits for chip 8 give consistently larger gy, for both DoPHOT and AL FRAME
miagnitudes, hence larger estimates for the extinetion, and so lower estimates for fto- Mill et al. (1 996) found
simitar discrepancies with the WE3 phiot omet ry mthe M 100 data, but assuned this was duc to the ext ra
crowding (for MI 00, W1*3 was the closest chip to thenucleus). For NGC 7331, W3 is the least aflected
by crowding, inferring the cause may be related to the WI' chip and/or optics. I{ is also possible that the
dillerence is due to a calibration error inthe W13 magnitudes, but as these were made independently for
DolHOT and ALLFRAMIE, such an error, if it exists, is more likely to beinthe Hollzman et al. (19951,)
calibration fror n 0.5” apertures Lo standardinags. However, as there arc only three Cepheids on WI'3, if
there is any systematic error involved, it will have minimal impact ontheaverage derived from all three
W' chips. The luminosity function for stars with Cepheid-like colors inFigure ?7 showed that we may be
allected by incompleteness at the faintest (ic short period) end of  the Cepheid distribution. To check for
the cffeets this may have m fitting the L relations, the lower period limit was also varied, from 10 days
{(the lower period limit) to 15 and 20 days. There iS a small trend to slightly larger distance modulus as the
low period linit is increased, from 30.80 Lo 30.8b (ALLFRAM I5) as the 1ow period limit increases from 10
to 25 days, but this is well within the errors, indicating that no strong Malmquist bias is present in our

Cephaid sample, and that our distance estimate will not be significantly aflected by mcompleteness.

A possible complication aflecting our distance estitnate may be the difference in metallicity between
the NGC 7331 andILMC Ceplicids. The abundance of our WEFPC2 ficld can be estimaled by extrapolating
the abundance gradient derived fromthe inmer 11 11 regions by Ocy & Kennicutt (1993) of -().1 dex/arcmnin.
Ocy & Kennicutt derive anabundance of log(O /11): 3,()() at an cffective radius Ry = 1,07 arcinin,
unplying a mean abundance of log(O/ H): - 3.25 at a radius of 3.5 arcimn. Assuming the LMC Cepheids
have log(O/11) = - 3.65 (Dufour 1 990), then these NGC 7331 Ceplicids are likely to be 2.5 times more metal
rich. lowever, the Ocy & Kennicull samnple only extend ed Lo a projected radius on the disk of 79 arcsec,
S0 the extrapolationtoour WIPC2 field, al aradius of 3.5 arcmin, is highly uncertain. Kennicutt (private
communication) now has observations of 11 11 regions in the WIFPC2 ficld, and preliminary reductions
indicate the metallicily is only 1.5 4 ().3 times more metal rich than the LM C. Adopting this metallicity,
then the calculations of Chiosi, Wood & Capitanio (1 993) wouldimply the NGC 7331 Cepheids arc only
~ 0.04:1 ().0)2 mag fainter inV than those inthe 1, MC (for ancan period of 25 days, and making the
same assumplions about color distribution, convective overshoot, and helium dependence on metallicity
as Tanvir 1 996). However, there is a smaller change inthe Jmags, whichwhen folded through the
reddening correction, means that the distance modulus reduces by only ().(01 1 :10.006 mag. I'hs prediction
is consistent with the obscrvat tonal results for M3 i (Freediman & Madore 1990), which show no stat istically
significant evidence for any met allicity effcct. We await the analysis of theinner arid outer M101 fields,
to sce if the theoretical predictions of Chiosi, Wood & Capitanio (1 993) are confirmed. At this stage we
therefore simply add this theoretical prediction 8s a possible systematic error, conservatively estimated as
0.02 mag, in Table ??2.

In addition 1o the uncertaintics of the photonetry (included in the P fits), the true distance estimale
will also be affected by the systematic uncertainties in the zero-point calibration from ST to ground-bascd
Voand T mags, and the LMC distance modulus, as listed in Table 77, Phe former are assumed 1o be
uncorrelated, and hence must be factored for the ratio of their contributions via the reddening correction:

e gig s 2450 - 1Ay, hence A(Z717) - ((2/15[\(%]’),)7 - (I./]D/\(Zl’)v)?);. The contribution to the
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total error budget is listedin Table ?7sring a total uncertainty in g of 0.19mag for 1)ol’ li(Mand ().18
mag, for ALLIFRAMI.

The reddening of 17 (V - 1) = 0.26 (DoPHOT), 0.16 (AL 1, FRAME), inplics a mean extinction to
NGC 7331 of Ay =0.64:10.15 (DoPTOT), 0.39 = 0.15 (ALLFYRAME) mag. The foreground Galactic
extinctioninthe direction of NGC 7331 is Ay = 0.27 (derived from Fo (I3 - V) = ().083 from Burstein
& Neiles 1984), thus the mean extinetion internal to the NGC 7331 Cepheid field is 0.37 {(DoPIIOT),
0.12 (ALLYRAME) magin V. "The reddening-corrected distance modulus is 30.803 0.19 (DoP1107Y),
30.924 0.18 (ALLFRAME) mag, equivalenttoadistance of 14 5113 (DoPHOTY), 15.87 | (ALLIRAMIL)

.2 - 1.2
Mpe. For consistency With previous papers, and for simplicity, wc henceforth quote the results based on the

ALLFRAME photometry alone.

Previous distance est mates to NGC 73371 are listed in Table 7. Thesimilariticsbetween NGC 7'331
and M31 prompted Rubin et al. (1 965) to make the carliest approxirnate distance estimates to NGC 7331
in terms of @ ratio of the distance Lo M31. These estimates convert Lo 17.7 Mpc, based 011 comparing
recesston velocities; and 15.4 M pe, based on comparing, apparent diamcters, where we adopt the distance
to M3Tof 770 kpc from Freedinan & Madore (1 990), Tully (1988) cstimated a velocity distauce of 14.3
Mpc based 011 assuming Ho=. 75 km/s/Mpc, and a Virgo-centric infall model of the Local Group of 300
km/s. The Tully-Fisher distance estimates for NGC 7331 arc 9.6 Mpe (Bband, Bottineli ¢t al. 1985) and
12 Mpc (11 band, Aaronson ct al. 1982). T'he only recorded supernovain NGC 7331 was SN19591), of
type 111, unfortunately occuring before the cra of estimating distances to type 11 SN from the expanding
photospheres method (eg. Schmidt et al. 19943).

5.  Discussion

The atm of the Key Project is the mcasurcment of the Hubble Constant by calibration of sccondary
distance imdicators. We consider the nnpact of our new distance on the calibration of {we such distance
imdicators here.

5.1.  The Tully Fisher relation

Mould et al. (1996) have updated the calibration of the infrarcd Tully Fisher relation, noting the
importance of populating the calibration for galaxics of large line width, galaxies which can be detected at
large distances, where peculiar velocities arc negligible relative to recession velocities. In Figure 2?2 we add
NGC 733110 ‘L'able 4 of Rawson et al. (199 06).

We adopt an 11 J velocity width of 531:110 kin/s (given by Fisher & Tully), an inclination for
NGC 7331 of 72°, 3° Icss thanthat of Aaronson et al (1982) (¢f. 73° Tormen & Burstein 1995).

The least squares fit IRTT relation excluding NGC 7331 is 11, 5= - 1 0.0(d4 2.4) (logAV -
2.5) - 21.8(4 ().3), witho: ().36. When we add in NGC 7331 the fit becomes 11, g5
10.6(:1 2.2)(logAV - 2.5) - 21.3(:1 0.3), witho: ().39. Nence this distanceto NG C 7331 is
consistent. with the current 1R'P1 calibrat ion, but it points to a dispersion of 0.4 niag 1n the relation, not
very different from that found by Aaronson & Mould (1 982) i groups and clusters.

S Although Schinidt et al. list SN1989L, as occuring in NGC 7331, this should vead NGC 7339,




5.2.  Kincmatic and Nuclear Propertics

The kinematics of NGC 7331 have been extensively analyzed by Bower ot al (1993), who were able to
fit a constant M/ Ly dynanical model, as a function of radius, and found M /Ly = 5.3, asswmning a distance
of 12 Mpc (from Aaronson ct al 1982). Our new distance therefore implics an M/Lyv = 4.2, and a total
mass of 4.6 x 10" Mgy, This can be compared to M/ Ly = 8.1 derived from Fisher & Tully (1981), and a
total mass of 4.1 0.5 x _c:\Kmv (where our distance of 15.3 Mpc implics a Holinberg diamcter Ay = 66
kpe, pro = 30.92 implics Mp = - 21.42 and logl.y = 10.76.

Although NGC 7331 looks like a normal carly-interinediate type spiral galaxy with a significant bulge,
it also has a mildly active (weak LINLER) nucleus. Cowan et al (1994) micasured its 20cim and 6 cin radio
flux to be 234 and 121 ply, respectively. At a distance of 15.3 Mpe, this makes it 3.4 and 4.8 times the
luminosity of Sgr A, at these wavelengths.

5.3. The Virgo-centric flow

We can derive a ‘naive’ distance esthmate based just on NGC 73817 recession velocity. Adopting Tully’s
(1988) simple Virgo-centric infall model of the Local Group, the Hubble flow velocity for NGC 7331 would
then be 1075 ki/s, giving Ho = 70 kin/s/Mpe. Unfortunately, such an estimate is prone to systematic
crrors, by ignoring the likely extra contribution to peculiar velocity provided by the rest of the mass outside
the Jocal group and the Virgo cluster, which is why we prefer 1o use the Cepheid distances as calibrators
of sccondary distance indicators capable of measuring distances to redshifts where peculiar velocitics are
comparatively small. Alternatively, the Virgo-centric flow model of Aaronson et al (1982) implics a distance
0.74 times that of the Virgo cluster. Our distance to NGC 7831 would then inply a kincmatic distance
to Virgo of 20.7 Mpe, compared to a direct Cepheid distance (derived from M100) of 16.1 4 3.2 Mpc
(Ferrarese ot al 1996).

5.4, Surface Brightness Fluctuations

In-addition to the T1 calibration, the large bulge in NGC 7331 can be used as a calibrator for SBI.
Tonry ct al. (1996) has adopled a calibration of surface brightness fluctuations

Mp Mg 4.5 (V1 5)

At a distance of 14.9 Mpc, the unpublished measurement of a field 1-2 aremin along the minor axi
yields Myg = - 2274 0.3 mag, significantly brighter than his adopted value of - 1.74 4 0.07 1na
al. 1996).

(Tonry ct

]

mag for N7331), but not any internal extinction. Vor the 13 and S0 galaxics, and the very edge-on spirals,
this may be appropriate, but for N7331 there is evidence from stellar population studics in the bulge by
Prada et al (1996) that there is additional reddening internal to the bulge, of Ay ~ 0.5 mag, or A;j = 0.3

Tonry et al take into account the foreground reddening Lo cach of the SR samples (eg. Ay = 0.33

mag. A quirk of SBI* is that taking reddening into account causes Mjq 10 become fainter. Hence an extra
reddening of Ay = 0.3 would increase the value of Mo quoted here, making it more consistent with Tonry’s

standard value. As well) il there is this mueh dust in the bulge of NGC 7331 then it may also have a youny,
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stellar component as well. Al thougli the color term in the SBE calibration is intended to allow for such
variations, the reddening would tend to mask the bluer colors such a young component would contribute,
thus making the deviation from an unreddened old population even greater.

6. Conclusion

We have used 16 epochs of H ST 1555W frames to produce Jightcurves of all stars within the ficld, to a
limiting magnitude of V 281nag, using two photometry programs (DoPHOT and D AOPHOT/ALLIFRAMIY),
and from these hghtcurves identified a total of 14 reliable Cepheids in NGC 7331, Using the ALLFRAMIE
data, and an additional 4cpochs of 1'814W frames, period-luminosity relations derived from LM C Cepheids
were fitted to the NGC 7331 Cephicids, to measure a mean reddening of I5(V — 1):0.16 40.06, and a
reddening- corrected distance modulus of 30.92:10.18 mag, cquivalent to a distance Of 15.31 15 Mpe.

We are indebted to the very able support provided by the stafl at S1'Scl, in particular to Noug Van
Orsow for his scheduling abilitics. Support for this work was provided by NASA through grant number
2227-87A from STSclwhich is ol)crated by AURA under NASA Contract NAS5H-26555. This rescarch has
made use of the NASA/IPAC Iixtragalactic Database (NFD) which is operated by JP1,, California Institute
of T'echnology, under contract with NASA.
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A. Appendix A - Calibration Paramcters

The calibration of theraw 1)01" 1071 photometry is given by:
HST mag = Raw DoPITOT mag - 30.0 -1 AC -{ 2.5%logo(t) . 7P

where 11 ST mag is the 0.5 aperture magnitude system (1'55Wg 5 and 1'814W 0.5), as defined by
Noltzman et al. (1995b), AC is the aperture correction (to correct for the 9x 9 pixel square aperture,
derived from AS observations of Leo 1), is the exposure timne, inseconds, and XPis the zero-point (derived
by AS from comparing mags obtained from the first epoch NGC 7331 frame with obscrvations of 1'al4,
following the prescription of Holtzman ct al. 199 D).

The DoPHOT aperture corrections are given by:
AC = CO A4 Clx o C2%y 4 C3*x¥x 4 CAtyty - Ch¥xty

wherexand y are pixelcoords or cach full (800 x soo)r WI'PC2 chip,andtheC cocllicients arc given
i Table 2?2,

For bright. stars on a faint background (as for the cluster calibration data), there is a charge transfe
cfficiency (CT'1) effect which produces a ramped offset in the measured magnitudes of ~ 0. 0binag/800
pixcls in the Y direction (sce Holtzman ot al. 1996b for details). AS accounted for any systemaltic error’ this
may mtroduce by adding - ().020 magtohiszcro-points. AS discussedinRawson ¢t al (1996), szcro-points
for WIPC2 also scem to differ by 0.05 mag between short and long exposures (i .c. objects observed with
long exposure times appear brighter by 0.05 mag, copared to snort exposure times). For long exposures
(i.e. ours)the 1)01'110'1" zero-poillts (for again of 7) arcdefinedin Table 2.

Because DoPH OT and 1 AOPITOT have diflerent micthods of estimating the sky anddifferent PSE
profiles, their calibration to standard magnitudes has 1o be done independently. 170 gain full advantage of
this cffort, the ALLIFRAMIE calibration was also donc using a different data set, bad on short exposures of
stars In Galactic globular clusters, to provide an independent clieck on the calibration procedure. Becausce
ALLITR AMIS allows the PSIF 1o vary across cachchip,ils calibrationonly requires zero-points and a single

aperture SO onner clli])/filter 1o convert the raw mags to equivalent 0.5 arcsce aperture Mags, where

for DAOPNOT/ALLFRAMI::
HST mag = Raw ALLFRAME mag 4 AC 4 2.5%ogyo(t) + %1

The zero-points were derived by PBS for cach chip and filter from weighted averages of long exposur e
ST vs ground-based photometry of the clusters w Cen (Walker ] 994), and NGC 2419 and Pal 4 (Bolie &
Stetson, private communication). The 11 ST w Cen data were taken witha gainof ~14, and were converted
10 a gain of ~Tusing theratiosintloltzimanct al.(1995b). PBS mecasured amecan CT1 ramp effect of ().01()
mag/800 pixels, which was then ap plicd to the inpul cluster mags. The aperture corrections were derived
{rom mean mcasurcemcents by PBS of aperture corrections for the two M107 fields and the NGC 4725 ficld.
These, and the zero- points for ALLFPRAME (again, on the LONG exposure scale) are given in Table 272,

The 11 ST magnitudes were then transformed to Johnson V oor Kron-Cousins I magnitudes, using the
transformalions derived by Holtzman et al. (1995h):

Vo EBBOWo gy - 0.045(V - 1) -1 0.027(V - 1)”
| = P814AWq 5 0.067(V - 1) -1 0.025(V 1)?

where the (V- 1) colors were estimated from iteration, starting from F6LBWq 5- 814Wq 5, and ending




when |V -1 - (V - 1)} < 0.001 mag (usually onciteration was sufficient).
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49521.832
49530.612
49543.952
49545.762
49549.586
19552.8006
49557.044
49561.927
49573.584
49573.861
49581.226

419887.615
19902.628

49921.593
19946.395
49521.966
49530.746
49567.754
49887.631

49902.645
49902.650

Table 1.

I'lename

u2781q014
u2781r01t
u27811.014
u2781u01t
u2781v011,
u2781wo14
u2781x021
u2781y0Ht
u2781s01t
u2782001t
u27821011
u2030101t
u20302011
120303011
u20304011.
u2781q031
u2781r03t
u2781%061
u20301031

u20302031
120302041,

Date

18/06/94
27/06/94
10/07/94
12/07/94
16/07/94
19/07/94
24/07/94
28/07/94
9/08/94
9/08/91
17/08/94
19/06/95
4/07/95
23/07/95
17/08/95

Iipochs of Observations.

Exposure times — Filter

1200.() 1600.()" 1'555W
1 200.() 1600.0° F555W
1200.() 1600.()" 1555W
1200.0 1600.0 1'555W
1200.0 1600.() F'555W
1200.0 1600.0 F'555W
1200.) . . F555W
1200.0" 1600.() I555W
1200.0 1600.0 '555W
1200.0 1600.0 F555W
1200.() 1600.0 1'555W
1200.0 1600.0 '555W
1200.0 1600.0 1'555W
1200.() 1600.0 1555W
1200.0” 1600.0 1'555W

18/06/94 1200.0 1600.0 1'814W

27/06/94
3/08/94
19/06/95

4/07/9))
4/07/95

1200.0 1600.() 1'814W
1200.) ... 1814W
1200.()” 1600.() 1'814W

260.)  260.0 1B5HW
260() 260.0 1'814W
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Table 2. Reference Star Photometry.
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922:37: 1.47 34:28:10.6 206.2 100.1 24.15-10.0823.8140.23 24.43,1 0.09 23.62:1 ().61
22:37: 0.40 34:28: 9.4 211.7 394.2 21.914 0.03 20.24 4 ().()4 22.06- 0.08 20.054 0.38
22:86:59.90 34:28: 1.0 385.4 544.3 24.67:1 0.07 24.344 0.19 24.744 ().07 24.324 ().97
92:36:59.69 34:28: 4.6 301.9 595.6 25.474 0.09 22.34 + 0.12 25.534 0.06 22.384 0.53

22:36:59.28 34:28:23.4 334.6 102.8 23.35,1 0.04 22.364 0.04 23.41:1 0.07 22.57:1 ().27
34:28 :31.8 356.() 190.0 24.36,1 0.06 24.074 0.13 24.47,1 0.09 24.44:1 0.37
34:28 :31.9 648.0 214.9 22.014 0.02 10.743 (),03 22.124 0.10 19.854 ().15
34:28:56.14 457.9 448.6 23.384 ().()6 21 .124 ().02 23.45-4 0.08 21.24,1 0.05
25.034 ().10 23.504 0.07
20,604 0,08 19.804 0.07
25.144 ().07 24.854 ().2()

22:36:59.05
22:36:56.71
22:36:58.07
22:36:57.52

22:36:57.94

22:37:2.11
22:37: 1.90
22:37: 2.37
22:37: 2.48
22:37. 2.84
22:37: 3.06
22:37:4.91
22:37:5.04
22:37: 5.45
22:37: 5.57
22:37:. 5.97
22:37; 6.12
22:37: 6.41
22:37:6.45
22:37: 6.81

22:37: 3.77
22:37: 3.45
22:37: 2.85
22:37: 3.66
22:37: 411
22:37: 5.62
22:37: 5.09
22:37: 5.59
22:37:5.21
22:37: 3.26

34:28 :566.0 525.8 450.4

34:29:5.9465.7 545.4

34:28:27.5
34:29:12.9
34:29:13.5
34:29: 3.8
34:28:22.6
34:28:36.1
34:28:40.0
34:28:50.5
34:28 :51.0
34:28:49.7
34:29:15.4
34:29: 2.0
34:28:50.3
34:29:13.6
31:29: 49

34:28:13.8
34:28 :11.6
34:28: 3.3
34:27:60.0
34:27:50.9
34:27:50.7
34:27:48.6
34:27:40.4
34:27:33.8
314:27:23.1

121.6
582.4
583.3
4845

64.2
200.()
220.8
325.4
326.9
3126
567.3
430.4
310.()
545.3
4535

311.6
271.2
189.8
288.5
339.3
526.8
459.0
515.9
163.8
213.0

1171
127.2
185.9
192.9
204.1
243.1
476.8
500.8
552.6
967.1
637.6
645.0
672.1
695.1
734.0

109.2
128.6
207.1
248.4
343.2
368.9
d14.7
162.1
525.6
616.7

25.014 ().()6 23.504 0.06
22:36:58.05 34:28 :58.9 458.1 473.5 20.47,1 0.07 19.684 ().()1

25.064 ().()8 24.92: 0.36

25.414 0.08
23.494 0.06
24.62 4 0.07
24.76 4 0.08
25.05,1 0.09
94.39 4 0.07
25.704 0,09
25.55 4 0.10
24.264 0.08
25.42 4 0.07
23.624 0.08
23.30:1 0.06
25.273 0.08
24.95 4 ().08
24.52 4 0.08

2404,1 (.08

24.93:1 0.06
24.694 0.06
24.994 0.08
21.23,1 0.09
24.59:1 ().07
24.58 -1 0.06
24.62,1 ().07
24.014 ().08
24.06,1 0.08

24.964 013
22734 0.39
2410 0.17
23.7740.07
24.243 ().12
23.974 0.59
256.304 0.23
24.754 (.17
21..294 ().09
22.713 0.15
20.714 0.05
20.97:1 0.03
22.194().04
22.274 0.04
23.984().17

23.93,1().61
24.82:1(),17
24.46 4 (.10
24.)33 ().1()
19.64 4 0.02
24.18,1 0,10
24.1 () 40.20
23.95: 0,48
23,59,1 0.53
23.194 0.12

25.51,1 0.04
23.58: 0.04
24.78: 0.05
24.83 -4 0.04
25.23,1 0,08
24.484 0.04
25.9544 0.09
25.794 0.05
24.30:4 0.06
25.464 0.05
23.824 0.04
23.38 4 0.03
25.354 0.06
25.05 4 0.03
25.054 0.09

25.12: 0.09
24.97 4 0.10
24,71:1 0.07
20,00 0.06
21.22+ 0.03
24,51:1 0.07
24.60:1 0.06
24.644 0.06
24.024().04
24.014 ().(7

25.074 0.19
22.954 ().10
24.37:1 0.10
23.76:1 0.06
24.264 0.04
24.314 ().()7
25.274 0.15
24.89-0.11
21.36- 0.08
22.88,1 0.07
20.814 0.05
21.044 0.04
22271 ().05
22.30:1 0.07
24.353 ().()7

24.203 0.16
24.78 4 ().12
24.37,1 0.10
24.48 41 ().12
19.70,1 ().07
24.09:1 0.06
24.14 4 ().17
24.25 11 0.08
24.84:1(). 13
23.13:1 0.14
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Table 3. DoP11 OT - ALLFRAMIS Comparison.

Chip N AIFSGEW, AV814W 5

! 4 0.135,1 0.039 -0.0884 0,041
2 7 0.084 4 0.010 0.123,1 0.037
3 15 0.1504 0.023 0.111:1 0.022
A 10 0.015,1 0.016 0.0564 0.031



Iipoch

Vv

1%

w N —
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N =
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— s e
o B o 0o

-
=W

15

V]
26.00-1 0.16
24.91 4 0.12
25.434 0.13
25.27,1 0.13
25.56-4 0.16
95.774 0.14
26.19+4 0.25
26.29,1 0.14
25.10- 0.12
25.05{ 0.11
25.454 0.12
25.444 0.17
26.144 0.17
25.49+4 0.15
26.284 0.19

24.924 0.16
24434 0.15
24.084 0.13
24.734 0.21

V6
25.954 0.16
26,573 0.20
25.354 0.14
25.49,1 0.15
25.76 0.16
25.68- 0,13
26.654 0.26
26.66- 0.20
25.314 0.15
25.434-0.15
25.581 0.15
26.824 ().20
25.94-1 0.18
26.924 0.61
26.53 0.18

25,29,1 0.21
25,151 0.17
25,504 ().26
25.29:1().21

V2
25.77 4 0.13
26.444 0.15
256.904 0.13
26.154 0.14
26.55:1 0.18
26.264 0.14
25.72:().14
2551 4 0.16
26.614 0.18
26.184 0.17
25.314 0.13
25.944 0.15
25.544 0.14
25.1130.12
25.504 0.13

25.17+4 0.16
25.66 4 0.18
25.264 0.17
24.844 0.14

v7
25.68 4 0.09
25.844 0.11
26.094 0.12
26.16 4 0.13
26.15+ 0.13
26.124 0.13
25.61,1 0.10
25.584 ().08
25.91,10.12
25.89 4 0.11
26.40:1 0.17
25.71:1 0.10
26.39,1 0.15
25.51:1 0.08
26.06:1().12

24.19-().08
24.77:1 0.09
24.56,1 ().14
24.56 -1 0.09

- 20 -

Single epoch magnitudes

V3
27.20 + 0.24
27.084 0.23
26.48 4 0.16
26.524 0.15
27.37:4().32
27.32:1 0.26
26.67,10.21
26.71:1 0.21
26.444 0.20
26.694 0.19
27.324 0.28
27,394 0.29
27.50 40,35
26.743 0.23
26.364 0.16

26.334 (.28
25.75,1 0.20
26.204 0.34
26,514 ().41

v 8
27.93 4 0.46
27.21,1 0.22
28,214 0.37
28.18 4 ().50
27,24:1 0.26
26.89,1().18
98.604 1.13
27.334 ().24
26.93:10.21
26.48 4 ().14
28.414 0.66
26.81,1().20
98.98 -1 0.57
27.30:1 ().23
27.69:1 ().41

26.70,1 ().41
26.06:1 0.22
20.37,1 (.42
25.68-1().18

‘1'able 4. Calibrated DoP1107 magnitudes of Cepheids with good lighicurves.

\' 4
25.364 0.12
26.204 0.15
25574 0.12
25.71,10.14
26.05-4 0.16
26.29- 0.17
26.614 0.24
26.86- 0.20
26.204 0.14
26.164 0.15
26.584 0.18
25.90+ 0.13
26.77+4 0.19
26.813 0,18
26.544 0.19

24.854 0.13
25.343 0.18
24.7140.13
24.80,1 0.13

V9
25.934 0.10
26.524 0.19
926.60+ 0.17
26.034 0.10
26.03 4 0.11
96.96- 0.12
26.494 0.19
97.05+4 0.29
26.1340.11
26.19,! 0.14
26.58 4 ().16
95.91:4 0.11
26.56+().18
26.58 -4 0.17
26.45 1 ().17

24.71 4 0.10
26.07-().12
24884 0.12
24,62,1 0.09

V5
25.93:1 ().14
26.60,1 0.20
26.084 0.15
25.25 - 0.13
25.624 0.13
25.79,1 ().14
26.37,1 0.23
26.3340.17
26.254 0.15
26.414 0.16
25.59:().13
25.46,10.12
26.244 0.16
25.66-4 0.14

24.6740.13
24.97 4, 0.14
25.0340.19
24.39,1 0.12

V10

26.7530.21
26.59,10,21
26.1140.17
26.6730.20
27.224 0.26
27.15-1 ().28
26.74,1 0.23
27.954 0.48
927.59 - 0.40
97.56 - 0.44
27.46-1 0.35
2.7.43,10.41
26.744 0.23
27.43,10.37
28.23:1 0.62

25.70-1 ().23
25.45,1 (). 23
25.98,1().36
26.80-10. 63



Iipoch

V
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2

12

v]l]
25.713 0.15
‘2(3.40,1 0.18
26.0230,18
26.0140.17
26.254 0.18
26.424 0.29
26.404 0.23
26.054 0.15
26.8740.26
26.554 0.22
25.794 0.14
26.29+ 017
25.894 0.15
25.814 0.14
26.204 0.23

24.96 4 0.17
25.484 0.23
2515+ 0.21
256.184 0.20

21

‘J’able 4-Continucd

Single c¢pochmagnitudes

v 12

26.29:1 0.20
25.394 0.14
25.914 0.17
25.944 0.18
26.08:1 0.20
25.56: 0.16
25.394 0.15
25513 0.14
26.15:10.21
26.093 0.22
25.31,10.13
25.794 0.17
25.554 0.16
26.124 0.22
256.86-1 0.25

25.10,1().18
24.414 ().14
24.94:1 ().20
924.754 0.17

V13
27.713 0.71
27.34:1 0.43
28.564 1.10
27.093 0.34
27.073 0.35
27.734 0.48
27.124 0.39
28.624 1.02
28.294 0.89
27434 043
28.984 1.62

27.724 0.52
28.44 4 0.66

26.084 0.40
26.65,1 0.60
27.014 1.03
26.32,1 0.43

v 14
25.933 0.16
26.66+4 0.26
25.36+4 0.13
25.404 0.13
25.563 - 0.13
25.964 0.16
25.90-0.21
26.104 0.17
26.41:10.21
26.284 0.22
25.60:10,13
25.86- 0.14
26.084 0.20
25.51:1 0.14
26.604 0.21

24.984 0.20
25.064 0.17
25.084 0.23
24.684 0.17




‘Jable 5. Calibrated ALLFR AME magnitudes of Cephieids with good lightcurves,

Iipoch Single epoch magmiudes
Vi V2 V3 vé V5
v o] 26.014 0.26 2557,1 0.13 27.21< 0.28 25.550.19 25.87,4 ().14
2 24.91:1 0.11 26.044 0.18 26,643 0.23 26.13,1 0.13 26.33+ 0.17
24.97,1 0.09 26.17+ 0.19 26.124 ().21 26.28-1().14
25.36:0 0.12 26.57:1 0.20 25.46 -4 0.13 26.144 ().21
25.754 0.16 26.574 0.23 95.60 4 ().13 25.46+ 0.17
6 26.35:1 0.25 27.17,1 0.35 26.00:1 ().16 25.69:1 ().1()
7 25.45 1 0.89 26.07:1 0.20 27.36-1 0.30 26.22 0.16 25.98 4 ().19
8 25.844 0,33 95.574 0.19 926.46- 0.19 26.344 0.31 26.1140.25
9 25.98-1 0.18 25.31:1().16 26.72-1 0.21 26.94:1 0.25 26.19 4 0.17
10 24.994 ().13 25.904 0.47 26.60 - 0.22 26174 0.16 26.4730.19
1 25.251 0.13 25.11:1 0.20 27281 ().27 26.50+ 0.18 25.654 0.12
12 25.214 0.13 25.8040.11 97.75+4 0,43 25.8840.15 25.46 4 0.13
13 26.064 0.15 25.354 0.12 27.55 4 0.48 96.92+ 0.22 26.36: 0.16
14 24.98+4 ().12 25.154 0.13 26.684 0.20 26.81:1 0.32 25.56 4 0.21
15 26.07- 0.18 25.59+ 0.16 26.393 0.15 26.43,1 0.26 2G.934 0.29
1 24.824 0.14 25.034 0.14 26.174 0.22 24.82+4 0.12 24.G34 0.07
9 24.154 O.(N 95.404 0.16 25.65- 0.19 25.154 ().10 24.96 4 0.10
9 23.994 0.12 25.094 0.24 26.264 0.38 24.7240.13 25.324 0.23
12 24.29+4-0.15 25034 0.12 26.63- 0.36 25.004 ().13 24.774 0.10
v 6 v7 V8§ V9 Vio
v 25.46-1().13 25.624 0.12 28.02,1'0.58 25.934 0.12 26.944 0.31
2 25.91+ ().24 25934 0.18 27.344 0.37 26.50+ 0.38 26.744 0.32
3 24.88+4 0.11 25.824 0.17 26.474 1.13 25.91:1 ().15 27.65 4 0.51
4 24.994 0.11 26.20+ 0.18 97.49- 0.43 25.84,1 ().22 26.554 ().34
b 25.01 4 0.12 26.10+ 0.16 28.31,1 ().74 26.00+4 0.12 26.724 0.27
6 25.364 0.13 26.064 0.13 27.34:1 0.37 25.971 0.16 27.334 0.45
7 25.49,1 0.14 26.064 ().15 26.974 0.24 26.34 4 0.18 27.24,1 0.34
8 25.98+ ().24 25.50 1 0.19 26.38-1 0.26 26.64- 0.25
9 25.90,1 0.32 25.61,1 0.11 27.30,1 0,34 26.93-1 ().35 27.57'4 0.40
10 24.96-4 0.11 25.92+ 0.10 26.55- 0.22 26.194 ().22 27. 62:10.51
1 25.36-1 0.14 26.214 0.2 28.03,1 0.59 26.39:1().19 97.19-1().34
12 2G.244 0.23 25.72+4 ().13 26.93- 0,23 25.844 0.14 27.45:1 0.36
13 25.49+ ().15 2G.503 0.92 27.96- 0.77 26.52:1 0.19 2G.824 0.22
11 24.90:1 0.11 25.58 0.13 27.57:1 0.30 26.45:1 0,23 27.36:1 ().38
15 26,35,1 0.21 26.13,1().17 27.80,1 ().5() 26.60-1 0.26 28.20 -1 0.86
/A 24531 ().1() 24.64().1 G 26.82 - ().44 24834 (),15 25.71,1 0.19
2 24.89:1().13 24.81,1 ().1(; 26.15-1 0.34 25.01:10.13 25.624 ().22
9 25.12,1 0.22 24.643 0.17 26.66 -1 0.44 24,97+ ().21 26.02,1 (.33
12 25.12,1 0.13 24.80:1 ().1) 26.014 0. 25 24,77,1 0.11 26.891 ().72



Fpoch

\/

B

o

12
13
14

15

V11

25.90 4 0.19
26.604 0.22
26.943 0.41
26.15 4 ().32
26.064 0.16
26.233 0.24
26.604 0.24
26.63 -4 0.38
25.84,1 0.19

26.73 4 0 .

256.794 0.15
26.424 0.23
26.164 0.20
25.834 0.13
26.404 0.23

25.13:1().15
25.63,1 0.29
25.323 0.22
25.52,1 0.24

5

Table b

Single ¢poch magnitudes

V12

26.244 0.25
25.27,1 0.10
26.004 0.21
25.92,1 0.18
25.90 - 0.16
25.92+4 0.17
25.50 1 0.15
95.30 4 0.16
25.52,1 0.23
26.04:1 0.26
25.144 0.15
25.99 -4 0.30
25.47 4 0.17
26.194 ().18
26.16-1 0.22

25.32,1 0.16
24.56+ 0.10
24.95,1 0.20
24.96 0.14

Continucd

V13
28.51,1 1.68
27.214 0.66
28.104 ().74
26.08,1 0.96
25.381 0.5
27.174 0.47
27.50:1 1.10

25.24 -1 0.64
27.74:1 0.60
27.314 ().45
28.774 2.06
28431 1.24
27.794 0.60
28.03 -1 1.00

26.15:1 0.44
20.104 0.77
26.92,1 1.62
27.754 1.86

v 14
26.17-1 0.32
26.73-1 0.25
26.484 0.17
25.354 0.14
25.41:1 0.20
25.55,1 0.13
25.80,1 0.14
25.93,1 0.33
26.18- 0.17
26.404 0.17
25.594 0.16
26.004 0.19
26.344 0.25
25.604 0.15
26.51,10.31

25.164 ().17
25.16:4 0.14
24.944 0.24
24.89 0.15




11)

V]
V2
vV 3
va
V)
V6
V7
V8
V9
v 10
V1l
v 12
v 13°
V14

Chip

NN

ADA D Po wwwN NN

Table 6.

R A

22:36:59.60
22:36:56.53
22:36:58.30 34:28 :
22:36:58.82 34:28
22:37:0.23 34:29:
92:36:59.92 34:29
22:36:59.84 34:28
22:36:59.00 34:28
22:36:58.57 34:28
22:36:59.83 3428
22:36:58.67 34:29:
22:36:58.67 34:29
22:36:58.43 34:29
22:36:59.37 34:29

34:28 :
34:28

{32000) Dec

21,0
12.3
45.9
47.4
206.7

:28.2
:22.6
:33.9
:38.7
120.9

9.7

:11.8
:20.1
:30.5

Cepheids with good lightcurves.

X Y P ary
296.3 5.1 42.59
661.8 322.1 21.19

437.8 340.7 13.91
372.4 350.4 22.60
162.1 732.2 33.91

199.8 750.4 29.05
2065.1 88.9  39.90
360.3 212,12 1113
410.6 265.2 24.41
261.1  163.3 11.6]
371.8 575,5 19.82
369.7 597.4 2482

392.5 683.2 15.04
266.6 779.3 41.20

“Not used in 1'1, fits ductounusual < v - I> 45

<V >aly

25.323 0.06
25.63 4 0.06
26.844 0.08
26.084 0.05
25.994 0.05
25.334 0.05
25.88,1 0.04
27.354 0.13
26.18 4 0.06
27.144 0.11
26.193 ().06
25.723 0.05
26.814 0.23
25.894 0.05

< V- I>wuy

1.06: 0.09
0.544 0.10
0.8630.16
1.09,1 0.08
1.J04 0.08
0.75 4 0.08
1.09,1 0.09
1.06:1 0.23
1.304 ().09
1.16 -4 0.25
0.824 0.14
0,83,1 0.09
0.004 0.56
1.05+4 0.10

],])oph <V >I)oph

42.18 25,51 4- 0.0
21.35 25.79 4 0.0
13.91 26.8340.0
22.60 26.124 0.0
33.87 25.874 0.0/
29.43 25.86 + 0.06
390.72 25.894 0.0
11.16 27.364 0.1
25.83 26.294 0.0
11,61 27.014 0.0
19.86 26.11 +4 .0
26.68 25.734 ().0
14.99 27.664 0.2
37.54 -+ 25.854 0.0
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Table 7. 191ts 101’1, relations

Sample N DM(V) DM(J) 1BV - 1) DM
DolTIOT
All 148143 0.09 31.174 0.07 0.26:1 0,06 30.804 0.10
Chip2 G 31.28 31.16 0.12 30.98
Chip3 3 31.64 31.13 0.51 30.40
Chipd 5 31.48 31.22 0.26 30.84
> 15 10 31.33 31.12 0.21 30.82
1'>20 9 31.36 31.15 0.21 30.84
1'>25 7 31.45 31.20 0.24 30.85

ALLFRAME

All 1331.304 0.10 31.15+4 ().()7 0.164 0.06 30.92+4 0.09
Chip2 G 31.15 31.08 0,07 30.98
Chips 3 31.58 31.24 0.34 30.75
Chipd 4 31.34 31.18 0.15 30.96
P>15 10 31,25 31.13 0.11 30.97
> '20 9 31.95 31.13 0.12 30.95

1" > 255 31.40 31.28 0.13 31.09
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Table 8. Yrror Budget in the NGC 7331 Distance.

Source of Uncertainty Uncertainty(mag)  Uncertainty (inag)

a) WKPC2 FbbOWq 5 to V zero point 10.04

LYWEFPC21814W4 510 ] zero point +0.04
[A] Zcropoints (1 .45a+ 2.45b)* 40.11

¢) ¥o55Wo 5 aperture correction 40.04

d) 1“814\V0.5 apcrture correclion 40.05

¢)1)01'110'1" P1. fit 40.10

f) ALLFRAME PPL {it 40.09
(3] DEPIOT DM (¢ 4 ¢)® 40.11
[C] ALLFRAMEDM (¢ 41)* +40.10
(D] Metallicity 40.02
[It] 1.MC Distance Modulus 40.10
NGC 7331 DM (DoPIOT) (A4 B4 D I)? 4-0.19
NGC 7331 DM (AL LFRAME) (A4 1 D4 1)? 40.18

2All sums are 1n quadrature.




Mecthod

M31/NGC 7331 velocities
M31/NGC 7331 diamcters
Tully-Fisher (1)

110, =75

Tully- Fisher(13)

Ceplicids

27

‘1I'able 9. Distances to NG C 7331

Distance (Mpc)

17.7
154
12.0
14.3
9.6

153

Reference

Rubinctal. 1965
Rubinct al, 1965
Aaronson ct al. 1982
Tully 1988

Bottincli el al. 1985

This paper (ALLIRAME)



Galaxy

NGC224 (M31)

NGC300
NGC598 (M33)
NGC925
NGC2403

NGC3031 (M81)
NGC3351 (M95)
NGC3368 (MY6)
NGC3621
NGC1536
NGC733)

1M

24.40
26.66
24.50
29.84
27.50
27.80
30.01
30.32
29.20
31.10
30.92

logAV

2.742
2.371
2.392
2422
2.488
2.716
2.573
2.709
2.536
2.576
2.740

‘Jablé 10. T IR Cahibration.

Iy

0.91
7.00
4.38
8.74
6.45
4.38
741
6.87
7.40
8.30
6.44

Source of Distance

Freedman & Madore 1990
Freedman 1990

Treedman 1990
Silbermannct a. 1996
I'rcediman 1990
Freedmancet al. 191)4t3
Graham ¢t al. 1996
Tanvir et al. 1995
Rawsonctal, 1996

Saha ct al. 1996

This paper




Table 11, DoPHOT Apcrture Correclion Spatial Cocfficients.

Chip Co 1 C2 G3 C4 Ch
I'556W
! -1.00531 7.2229191 -5 3.8262901>4 -7.7324231 )-8 —4.5873081-7 —7.6852301%-9
2 -0.754943 1.9419041(>4 3.6651 151-4 - 3.0656321 -7 -4.3451701>7 1.1432391":-7
3 -0.764054 2.5506441:-5 3.4842961>4 - 7.6145711 -8 - 4.4478921 -7 1.3635071 ¢-7
4 - ().755136 2.3846451%-4 4.2555721>4 - 3.2532831; 7 -6.0872601>7 7.9686571 <-8

F814W
0.987125 7.9066891'>5 1.4497311>4 - 2.1731951 }-7 - 2.5048041 t-7 2.7523831 -7
- ().904758 1.83564721-4 2.9479961 -4 - 2.8782371 -7 -3.6485801>7 1.4342791 -7

-0.862129 7.1244841 ;-6 2.3734781>4 -1 .044799F-7- 3.4852563K-7 2.285684315-7
—0.908892 2.751 13314 3.4908401 -4 - 2.6750651 -7 - 3.724 136]>7 - 1,0419731 -7

~ o N
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Table 12, Zero-points and Aperbure Corrections.
Filter  Chip PC1  Chip WIF2  Chip W3 Chip W14
1)0} '110”1° Zero-])aillts

I'bH6 W -7.569 -7.549 -7.477 -7.572
1'814W -8.923 -8.341 -8.408 -8.432

ALLFYRAME Aperture Corrections

1555 W - 0.057 - 0.037 - 0.026 14009
1'814W -0.072 -10.019 -40.006 40.030

ALLIRAME Zero-points

FhH5W .0967 - 0.958 - 0.950 . 0.973
1P814W - 1.861 -1.823 -1,842 -1.870
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Figure Captions

Iig. 1.- A 10 x 10 arctinimage of NGC 7331, derived from BV R framces obt ained with the Prime
Focus T'EK camnera on the Isaac Newton Telescope. The position of the WEPC2 ficld is indicated by the
chievron, and the position Of SN1969D is also marked. North is to the right, and Fast is up (for purcly
acsthetic reasonis). The background galaxics to the north are (from west Lo cast) NGC 7337, NGC 7335,

and NGC 7336.

g, 2. An I'555W mediancd image of the WIPC2 mosaic (with North to the right, Fast up). The
positions of the Cepheids in Table 77 are marked by labeled circles.

Pig. 3.- Comparison of calibrated I"555Wgq 5 and IF814Wq ¢ photomelry of all stars in common between
the Dol HOT and ALLIFRAME sets of lightcurves, for cach of the WI'PC2 chips. The dashed line is the
meandifference, of the p oints plotted, arid thesolidlineis the mcan difference of the Jow rins isolated stars,
chosen as reference stars inTable 77,

Pig. 4.- Finding charts for cach Cepheid listed in Table 77, Fsach chart is centered on the Gepheid, and is
4 x4 arcsce squared (i.e. 40X40" WI pixels). Northis up, cast to the left.

IPig. 5.- Light curves, phased to the relevant period, for each Cepheid listed in Table 2?2, On theleft arc
the calibrated DoP1IOT mags, on the right arc the calibrated ALLFRA ME mags.

I'ig. 6.- 1 vs b’ -] color-magnitude diagramm for all chips. For clarily, only every 10th star is plotted.
Also shown arc the Cepheids from Table 77 (open circles), includ ing those outside the instabilit y strip (open
squarcs) that are not used inthe 1'1, fits.

Ig. 7.- Thesolid curve is the V luminosity function for all stars with v - 1 <0.3 (ALLIR AME mags),
representing the blue plume. The dashedline is a least squares fit, to this luminosity function between
V=23 and V = 26 mag. The dotted curve is the V luinosity function for all stars with 0.5 <V -1 <1.5
(ALLFRAME mags).

Fig. 8.- V (upper pancl) aud | (lower panel) P1, relations for the Cepheids listed in Table 27 (calibrated
ALLFRAME mags). The NGC 7331 Cepheids are the solid circles, and the LMC Cepheids are the open
circles. The straight lines arcleast squares fits with fixed slope (sce text). "11" is the blue(V - 1= 0.0)
NGC 7331 Cepheid, which was excluded from the fits.

IMig. 9.- V (upper panel) and 1 (lower pancel) 1, relations for the Cepheids listedin *1'able ?7 (calibrated
1)01' 11]) Linags) .

Iig. lo. - TRTT absolute calibration, with absolute 77, ¢ 5 mags VS log(AV) - 2.5, from data in Table 2?2,
Filled circles are the data used by Freedman (1990), filled squares arc the galaxies with recent 115T-derived
Ceplheid distances, and the filled star is NGC 7331, The dotted line is the Freedman (1990 ) calibration , the
dashed line isaleast squares fit solution 1,0 the I'reedman (1990) set, of galaxics, the dashed-dottied line is
a least squares fit solution to al but NG C 7331, and the solid linc is the least squares solution including
NGC 7331
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